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Calcium ion is a universal signaling intermediate, which is known
to control various biological processes. In excitable cells, voltage-
gated calcium channels (Cav) are the major route of calcium entry
and regulate multiple functions such as contraction, neurotrans-
mitter release, and gene transcription. Here we show that T
lymphocytes, which are nonexcitable cells, express both regulatory
B and pore-forming Cav1 a1 subunits of Cav channels, and we
provide genetic evidence for a critical role of the Cav 83 and Cav
B4 regulatory subunits in T lymphocyte function. Cav p-deficient T
lymphocytes fail to acquire normal functions, and they display
impairment in the T cell receptor-mediated calcium response,
nuclear factor of activated T cells activation, and cytokine produc-
tion. In addition, unlike in excitable cells, our data suggest a
minimal physiological role for depolarization in Cav channel open-
ing in T cells. T cell receptor stimulation induces only a small
depolarization of T cells, and artificial depolarization of T cells
using KCl does not lead to calcium entry. These observations
suggest that the Cav channels expressed by T cells have adopted
novel regulation/gating mechanisms.
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alcium ion plays critical and specific roles in various T cell

functions, including activation, differentiation, proliferation,
and cytokine production (1, 2). In T lymphocytes, ligation of the
T cell receptor (TCR) by antigen leads to the release of calcium
from intracellular stores, triggering the calcium release-activated
calcium current (3), and a potential candidate for calcium
release-activated calcium current channel was recently reported
(4-6). But the complexity of the calcium response in T cells
suggests the expression of more than one plasma membrane
calcium channel. Although it is established that, in excitable
cells, Cav channels constitute the major route of calcium entry
(7), the functional presence of the Cavl channels in T lympho-
cytes has been suggested (8-13) but has remained controversial
because of the lack of a reliable and specific loss-of-function
approach.

Cav B subunits are cytoplasmic proteins that strongly regulate
Cav channels through direct interaction with pore-forming al
subunits (14-17). The B subunits are also critical for assembly of
the channel complex (18), correct plasma membrane targeting
(19, 20), and stimulation of channel activity (21). A number of
potential a1-B8 combinations are likely to form a Cav channel
complex (22), and, among these, the 84 and B3 subunits are key
subunits that associate with Cavl channels (23-25).

A spontaneous mutation named lethargic, which arose in the
mouse inbred strain BALB/cGn in 1962, is recognizable in ho-
mozygous mice at 2 weeks of age by the onset of ataxia, seizures,
and lethargic behavior (26, 27). These mice also exhibit a general-
ized immunological disorder including defective cell-mediated im-
mune responses (28). It has been reported, using a positional
cloning approach, that this syndrome was the result of a mutation
of the Cav 4 subunit gene (29). This mutation is characterized by
a 4-nt insertion into a splice donor site, which results in exon
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skipping and translational frameshift with loss of the a1 subunit-
binding site and a severe reduction of 4 expression (29).

In this study we first show that members of the Cav1 family of Cav
channels are expressed along with Cav 8 regulatory subunits by WT
T cells. Cavl.1, Cavl.2, and Cavl.4 exhibit a differential expression
as T cells transit from the naive stage to the effector stage (day 4
after stimulation). Second, using two independent Cav 3 subunit-
deficient mice, Cav 4 mutant and Cav 33 knockout (KO) (30), we
show that functional Cav 8 regulatory subunits are necessary for a
normal TCR-mediated calcium response, nuclear factor of acti-
vated T cells (NFAT) nuclear translocation, and cytokine produc-
tion but are unnecessary for proliferation. Finally, we show that
TCR stimulation of T cells generates only a small depolarization
and that even strong depolarization of T cells using KCI does not
lead to calcium entry. These observations suggest a minor physio-
logical role for depolarization in Cav channel opening in T cells and
suggest that Cav channels have developed distinct gating mecha-
nisms in T cells compared with excitable cells.

Results and Discussion

CD4 T Cells Express both Pore-Forming and Regulatory Subunits of
Cavl Channels. Real-time quantitative PCR (Fig. 14) and semi-
quantitative RT-PCR (Fig. 54, which is published as supporting
information on the PNAS web site) revealed expression of the Cav
B4 regulatory subunit in unstimulated naive T cells of wild-type
mice and up-regulation after TCR stimulation. Real-time quanti-
tative PCR (Fig. 1B) and Western blots (Fig. 1C) revealed a similar
expression profile for the Cav B3 regulatory subunit in T cells
(expression in unstimulated naive T cells and up-regulation after
TCR stimulation). Because Cav B subunits can potentially interact
with all Cav channels through an a1-8 interaction involving highly
conserved residues in both subunits (31, 32), we also assessed which
Cav channel subtypes are expressed by T cells before and after TCR
stimulation (Fig. 1D). Three Cav channels belonging to the Cavl
family were detected, Cavl.1, Cavl.2, and Cavl.4, displaying dif-
ferential expression as T lymphocytes transit from the naive stage
toward an effector stage (day 4) (Fig. 1D). A dramatic reduction of
Cav B4 subunit mRNA expression (Fig. 1E Upper) and a substantial
reduction of Cavl.1 but not Cavl.2 al subunit proteins (Fig. 1E
Lower) was also detected in Cav g4 mutant CD4 T cells compared
with WT. The absence of 83 subunit expression in 3-deficient T
cells is shown in Fig. 1F.

Impairment of TCR-Mediated Calcium/NFAT Pathway Activation in 84-
and B3-Deficient CD4 T Cells. The role of Cav 34 and 83 regulatory
subunits in TCR-mediated calcium response was then tested by
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Fig. 1. Expression of Cav channel subunits by CD4 T cells. Purified total CD4 T cells (CD4") or naive T cells (CD62L-high and CD44-low) were left unstimulated
(day 0) or were stimulated with plate-bound anti-CD3 plus anti-CD28 Abs for the indicated period. (A and B) Analysis of 84 and 33 subunit mRNA expression by
CD4 T cells using real-time quantitative PCR. (C) Western blot analysis of 83 subunit expression in CD4 T cells. (D) Expression of the Cav channel a1 subunits by
CDAT cells atdifferent stages of differentiation. (E) Expression of Cav channel subunits by 84 mutant T cells assessed by using RT-PCR and Western blot. (F) Western
blot analysis of the expression of 83 subunit in effector WT or B3 KO T cells. Results in A and D are representative of at least three independent experiments.

For B, C, E, and F, two experiments were performed.

using T cells from B subunit-deficient mice and control litter-
mates. The analysis of the thymus of Cav 4 mutant mice showed
normal intrinsic T cell development. In fact, when mice were
analyzed before the onset of the neurological syndrome (<2
weeks old), T cell development was normal (Fig. 64, which is
published as supporting information on the PNAS web site). In
contrast, mice exhibiting the neuropathy (>2 weeks old) showed
a reduction in the CD4/CD8 double-positive population (data
not shown). Together, the data suggest that this reduction is
secondary to the neuropathy including the corticosterone hy-
persecretion previously described in the mutant mice (33). This
finding was confirmed by using RAG1~/~ bone marrow chimera
mice to allow stem cells from both WT and 4 mutant to develop
in similar physiological environment. In these conditions, thymic
development was indeed normal (Fig. 6B). In addition, no
difference in the percentage of CD4 and CDS cells or in the
expression of different activation markers (CD25, CDG69,
CD62L, and CD44) was observed in the mutant relative to WT
littermate mice (Fig. 6C), suggesting that the overall develop-
ment of T cells is normal in these Cav B4 mutant mice. The
analysis of the thymus of Cav 3 KO mice also revealed normal
T cell development (Fig. 6D).

Although typical calcium responses were obtained with WT
cells, both the initial peak and the plateau calcium responses
were attenuated in both B4 and B3 subunit-deficient CD4 T
lymphocytes (Fig. 2.4 and D and Fig. 74, which is published as
supporting information on the PNAS web site). Furthermore, no
defect in the calcium response was observed when WT and both
B3 or 4 subunit-deficient CD4 T lymphocytes were stimulated
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by using thapsigargin, which mediates a passive release of
calcium from intracellular stores (2, 34), indicating that store-
operated calcium channels were not affected. No defect was also
observed in the release of calcium from intracellular stores
as assessed by using TCR and thapsigargin stimulations in a
calcium-free medium (Figs. 2E and 7C). Finally, the ability of
both groups of cells to take up the calcium probe fluo-3 was
similar between T cells from WT and 84 mutant mice (Fig. 7B),
which rules out the possibility that the difference observed in the
calcium response is secondary to a difference in the ability of the
two groups of cells to take up fluo-3. Altogether, these data
demonstrate that the Cav B regulatory subunits are necessary for
a normal TCR-mediated calcium response in CD4 T cells.
Increases in [Ca?*]; in T cells lead to nuclear translocation of
the calcium-dependent transcription factor NFAT after its de-
phosphorylation by the phosphatase calcineurin (35, 36). This
calcium/NFAT pathway is crucial for multiple T cell functions,
including cytokine production (37). Nuclear translocation of
both NFAT subtypes, NFATc2 and NFATcl, was inhibited in
both B4- and B3-deficient T cells relative to WT (Fig. 2 C and
F), demonstrating that the complete calcium/NFAT pathway is
significantly impaired upon the inactivation of B regulatory
subunits. Interestingly, a similar link between Cavl channels and
NFATc4 was reported in the hippocampal neurons (38).

Defective Cytokine Production in B Subunit-Deficient CD4 T Cells.
Although p4 mutant CD4 T lymphocytes retained their ability to
proliferate when stimulated via the TCR (Fig. 84, which is pub-
lished as supporting information on the PNAS web site), TCR-
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Fig.2. Calcium/NFAT pathway is impaired in both p4- and p3-deficient CD4 T cells. (A and D) The calcium response of CD4 T cells from p4-deficient (mut/mut)
or B3-deficient (83 KO) mice and WT littermate was evaluated by using 2C11 anti-CD3 Ab and goat anti-hamster (GAH) in a cross-linking system. (B and E) Calcium
response of WT and g4- or 83-deficient CD4 T lymphocytes upon stimulation with thapsigargin (1 M) under physiological Ca2* concentrations (B) or in Ca2*
add-back experiments (E). (C) Western blot assay was performed on cytoplasmic (cyto.) and nuclear (nucl.) extracts prepared from p4 mutant CD4 T cells and
control littermate stimulated for 48 h in the presence of human IL-2. Actin was used as internal control. (F) Analysis of 83-deficient CD4 T cells for NFAT nuclear
translocation, using Western blot, after 18 h of TCR stimulation. Results are representative of five (A and D), three (B, C, and E), and two (F) independent

experiments.

mediated IL-2 production was partially inhibited in the 4 mutant
T cells (Fig. 8B). In addition, the production of effector T cell
cytokines, IFNy and IL-4, was also reduced in both B4- and
B3-deficient CD4 T cells under both primary and secondary
conditions (Fig. 3 and data not shown). Finally, to exclude the
possibility that the immune cell phenotype observed in 4 mutant
T cells was secondary to the neuronal/endocrine deficiency, we
generated bone marrow chimeras using WT or 84 mutant bone
marrow transfer into irradiated RAG1-deficient mice. The analysis
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Fig. 3. Defective CD4 T cell differentiation in the absence of functional g4
subunit. CD4 T cells were stimulated by plate-bound anti-CD3 plus anti-CD28.
Three days later, IFNy and IL-4 production was measured by ELISA (primary).
In some experiments cells were stimulated for 4 days, then washed and
restimulated (secondary) by plate-bound anti-CD3 Ab. Twenty-four hours
later, IFNy and IL-4 production was measured by ELISA. Results are represen-
tative of at least three independent experiments.
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of CD4 T cells purified from the chimeras showed a similar defect
in IFNvy and IL-4 production (Fig. 9, which is published as sup-
porting information on the PNAS web site), corroborating the
findings observed with T cells from the g4 mutant mice (Fig. 3).
Thus, the T cell deficiency observed in 84 mutant mice was intrinsic
to T lymphocytes.

Our data show that the TCR-mediated, 8 subunit-dependent,
calcium/NFATc1/NFATc2 pathway activation is critical for
cytokine production but is dispensable for proliferation of T
lymphocytes. A selective defect in cytokine production but not
T cell proliferation was also reported in NFATc2/NFATcl
double KO T cells (39).

Depolarization Is Unlikely to Be the Main Physiological Switch for T
Cell Cavs. To assess the physiological role of depolarization in Cavl
channel opening in T lymphocytes, we monitored changes in the
resting potential of T cells after TCR stimulation using the voltage-
sensitive dye bis-(1,3-dibutylbarbituric acid) trimethine oxonol
(DiBACy) (3). A small depolarization was detected in stimulated T
cells relative to unstimulated T cells (Fig. 44 Upper). This depo-
larization peaked at 120 s. A gradual repolarization was then
observed after 300 and 600 s after TCR stimulation (Fig. 44 Upper).
The peak depolarization observed was similar to the depolarization
obtained with 10-15 mM KCl (Fig. 44 Lower) and was nifedipine-
sensitive (Fig. 10, which is published as supporting information on
the PNAS web site), suggesting that Cav channels contribute to the
generation/maintenance of this small depolarization.
Subsequently, we tested the susceptibility of T cell Cavs to
depolarization induced by KCI. Artificial depolarization of CD4 T
cells that have been differentiated under Th1 (IL-12 plus anti-IL-4),
Th2 (IL-4 plus anti-IFNvy), or ThO (no cytokine) conditions with
KCl did not lead to calcium influx (Fig. 4B). KCl was used at 40 mM,
a dose that induces a significant depolarization of T cells (Fig. 44
Lower). However, under the same conditions and as expected, KCl
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Fig.4. TCR stimulation induces only a small depolarization, and depolarization by KCl does not trigger T cell Cav opening. (A Upper) A modest depolarization
of T lymphocytes after TCR stimulation (in black). Depolarization was assessed with the voltage-sensitive dye DiBAC, (3) by using flow cytometric analysis. (A
Lower) Depolarization using different concentrations of KCl (10—40 mM). Results shown in A are representative of four independent experiments. (B) CDA T cells
were purified from C57BL/6 mice and then differentiated under Th1 (IL-12 plus anti-IL-4), Th2 (IL-4 plus anti-IFNvy), or ThO (no cytokine) conditions using Abs to
CD3 and CD28. The calcium response of fura-2-loaded T or C2C12 cells was evaluated after the addition of KCI (40 mM). Results shown in B are representative

of three independent experiments.

triggered a transient calcium response in the C2C12 skeletal muscle
excitable cell line as previously reported (40). In addition, all four
groups of cells, ThO, Th1, Th2, and C2C12, were able to mount a
calcium response after stimulation with the calcium ionophore
ionomycin (data not shown). Altogether, these observations suggest
that depolarization is unlikely to play a major role in opening T cell
Cav channels. Alternatively, Cavl channels could be regulated in a
voltage-independent manner as previously suggested for human
Jurkat cells (12), where other TCR-triggered signaling events such
as phosphorylation would induce opening. This hypothesis is
strongly supported by the earlier surprising findings showing that
Cavl1.3 channels can be activated at voltages of approximately —60
mV under physiological calcium concentrations (41, 42). Further
studies are needed to clarify the contribution of regulatory events
other than voltage in Cavl channel physiological gating in T
lymphocytes. T cells should respond only to antigen stimulation
through cognate TCR. A voltage-dependent opening in the absence
of TCR dependence would lead to a random opening of Cav
channels and subsequent activation of T cells, which could lead to
inflammation in the absence of antigen. Unlike excitable cells, T
cells migrate and roam the body through variable extracellular
environments and tissues with various ion concentrations. It is
therefore conceivable that Cav channels expressed by T cells have
developed a more specific control of their opening than mere
voltage sensing.

Finally, the present study provides an answer to a long-standing
question pertaining to the role of Cav channels in T lymphocyte
function. The T cell functional defect described in the present work
inboth B4- and B3-deficient T cells reflects the contribution of these
subunits to Cavl channel-dependent calcium response in T lym-
phocytes. It is not yet clear which Cav1 channel(s) is controlled by
each one of these subunits. It now remains to determine the specific
role of each one of these individual Cav1 channels.!

ISome of the data presented in this article were initially published in Science (43) and were
subsequently retracted (44) because of the erroneous nature of figure 4B, which was
prepared by Srisaila Basavappa. In this article, in addition to the analysis of the g4 mutant
mice, we present new evidence corroborating the role of the Cav channels in T lymphocyte
functions by using Cav 83 KO mice. Therefore, this previously unpublished genetic evi-
dence is compatible with the genetic evidence previously published in the Science article
(i.e., p4 mutant mice) and emphasizes a more generalized role for the Cav 8 subunits in T
cell functions.
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Materials and Methods

Preparation and Differentiation of CD4 T Cells in Vitro. CD4 T cells
from spleens were isolated from 6- to 8-week-old C57BL/6 mice
purchased from the National Cancer Institute (Frederick, MD).
CD#4 cells were isolated by immunomagnetic negative selection
using Abs against CD8, NK1.1, and MHC class II followed by
incubation with anti-mouse and anti-rat Ig-coated magnetic
beads (PerSeptive Biosystems, Framingham, MA). For experi-
ments involving 34 mutant mice, 3- to 4-week-old B6EiC3H-a/
A-Cacnb4™* mice (purchased from The Jackson Laboratory,
Bar Harbor, ME) were used. Cells were cultured in Bruff’s
medium containing 10% FCS and were stimulated for various
time periods in the presence of plate-bound anti-CD3 and
anti-CD28 Abs. In some experiments, 20 units/ml recombinant
human IL-2 (a gift from Biogen, Cambridge, MA) was added to
the culture.

Semiquantitative RT-PCR and Real-Time Quantitative PCR. Total
RNA was extracted and reverse-transcribed as previously de-
scribed (8). Subsequently, each sample was subjected to PCR
with sense and antisense primers: hypoxanthine phosphoribo-
syltransferase, 5'-GTTGGATACAGGCCAGACTTTGTTG
(sense) and 5'-TCGGATATCCGGTCGGATGGGAG (anti-
sense); Cavl.l al, 5'-TGTGGTATGTCGTCACTTCCTCC
(sense) and 5'-CGTCAATGATGCTGCCGATG (antisense);
Cavl.2 al, 5'-CAAGCCCTCACAAAGGAATGC (sense) and
5'-AAAGTTGCCCCTGCTGTCACTC; Cavl.3 al, 5'-ATCT-
CACACACCGCCAGGACTATG (sense) and 5'-CATCACC-
TTTGACCTCTCTCGTG (antisense); Cavl.4 al, 5'-AAGA-
TTTACCTATCCCAGGCACCTAC (sense) and 5'-CAT-
CAAAGCGGGAAAGAATAGACTC (antisense); Cav2.1 al,
5'-AGTACCTCACCCGAGATTCTTCCATC (sense) and 5-
GCTGCGTAGATCTTACCCACTGTCA (antisense); Cav2.2
al, 5'-CTTCCATCCTAGGGCCTCACCACTTA (sense) and
5'-CTCCGGGAGCTTGGTGAGTCTGAT (antisense); Cav2.3
al, 5'-CGAAAGCACCTCCTCTCTCCAGATGT (sense) and
5'-GTGCAAGGAGTTGGAAGACTCGGTC (antisense);
Cav3.1 al, 5'-CACTCTCTGCCCAATGACAGCTACAT
(sense) and 5'-CTGCTTCTGGTCTCTTGAGGGTCCTT-
GGC (antisense); Cav3.2 al, 5'-CAGGATGCTCTCGCTAC-
CCAATGACA (sense) and 5'-CTCCGTGTAGTCTGGGAT-
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GCCGTCTTC (antisense); B4 subunit, 5'-TGGCTTCATCC-
CAAGTCCACTGCG (sense) and 5'-CAGTGATGGCCCTA-
CTAACACCAC (antisense); genotyping B4 mutant mice, 5'-
AAATGGTATCAGGAACATTCCGAGC (sense) and 5'-
TTTCCAAACCAGTGAAAGCGTTAGC (antisense). For
real-time PCR, a fluorogenic probe was synthesized by Bio-
search Technologies (Novato, CA): probe sequence, 5’ 6-FAM
d(CACCCACACACGAGCAGTAGCACCCCT) BHQ-1 3';
primers, 5'-CTGGAGGCATACTGGCGTG-3' and 5'-ACGT-
TCCGCCCCAGTAATG-3'. Real-time PCR analysis of 83 was
performed by using commercially available primers and probe
from Applied Biosystems (Foster City, CA). Cycling conditions
were 2 min at 94°C followed by 25-35 repeats of 94°C for 30 s,
56°C for 30 s, and 72°C for 1 min. To ensure that amplified
products were not from genomic DNA, a sample of purified
RNA that was not subjected to reverse transcription was intro-
duced in PCRs.

Analysis of Intracellular Calcium Concentration. The intracellular
free Ca?" concentration was measured by using either fluo-
3/AM (Molecular Probes, Eugene, OR) as previously described
(45) or Fura-2/AM (Molecular Probes). For experiments where
fluo-3 was used, cells were loaded with 5 uM fluo-3/AM
(Molecular Probes) for 30 min at 37°C. Cells were scanned by
using the ACAS 570 video laser cytometer (Meridian Instru-
ments, Lansing, MI). Fluo-3/AM-loaded T cells were stimulated
with anti-CD3 and anti-hamster IgG in a cross-linking system.
For experiments where fura-2 was used as calcium probe,
fluorescence was monitored in ratio mode by using a fluorom-
eter (Polarstar Galaxy; BMG Labtechnologies, Offenburg, Ger-
many). Collected data were analyzed by using Fluostar Galaxy
Software (BMG Labtechnologies). At the end of each experi-
ment, cells were treated with 5 uM ionomycin in calcium-
containing medium, then with calcium-free medium supple-
mented with 5 mM EGTA. Experimental 340/380 ratios were
converted to [Ca?*]; according to the equation described by
Tsien and colleagues (46).

Flow Cytometry. Fluo-3-loaded or Ab-stained T cells were ana-
lyzed by using a FACScan flow cytometer and CellQuest 3.1
software (Becton Dickinson, Franklin Lakes, NJ).
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Western Blotting. Protein extracts (10 ng) were subjected to 8%
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